We have studied the mechanism of nanopattern formation by self-assembly of impurities aggregated on the Fe 3 O 4 ͑001͒ surface. Self-assembly was controlled by thermal diffusion from the bulk of natural and artificial single crystals. We show that the diffusion of potassium and calcium is of fundamental importance to the surface dynamics of magnetite. The self-assembly of Ca and K impurities, combined with the reduction in oxygen concentration, leads to the formation of nanotrenches that can be identified as a p͑1 ϫ 4͒ structure. According to our model, the formation of nanotrenches contributes in two ways to the reduction of the surface energy. Firstly, alkali and alkaline earth impurities cause a reduction of the strain energy due to their large ionic radii. Secondly, their segregation and the reduction of the O / Fe ratio at the surface cause a reduction of the surface polarity. The structure of ordered nanotrenches could be used as a template for the deposition of carbon nanotubes, fullerenes, and DNA molecules.
I. INTRODUCTION
Nanostructures, with dimensions in the nanometer and atomic range, may become the building blocks of future electronic, mechanical, and optical devices. The conventional methods of microfabrication, e.g., lithographic methods, are limited in their resolution and new techniques to manipulate atoms and molecules to ultimately fabricate nanodevices are being developed. 1 Molecular manipulation using scanning probe microscopy has been demonstrated, but this method is far too slow and awkward to have industrial applications. Self-assembly of atoms and molecules into nanostructures is an attractive means of nanofabrication. Self-assembly is typically based on the deposition of an adlayer on a properly chosen substrate under well-defined conditions, using, e.g., molecular-beam epitaxy (MBE). An alternative method is that of controlled diffusion of impurities from the bulk of a single crystal to the surface or, in the case of thin films, from the substrate into the film. This method has not been investigated thoroughly so far. The purpose of the present study is to explore the physical mechanisms of self-assembly by controlled diffusion of impurities from the bulk to the Fe 3 O 4 ͑001͒ surface. Magnetite is a particularly well suited material for these studies. The Fe 3 O 4 ͑001͒ surface is a polar surface 2 and is susceptible to significant transformations driven by charge compensation to minimize the surface energy. In this work, we will show that segregation of K and Ca at the surface by thermal diffusion takes place in single crystals from different sources grown by different techniques. K and Ca are present in the bulk only in small concentrations. However, they play a crucial role in the formation of the surface of a magnetite crystal. This is due to the fact that K and Ca cannot be accommodated in a spinel structure, as these ions are too large to fit into the interstitial sites between the oxygen anions. Therefore, they diffuse to the surface during the anneal, causing the formation of selfassembled structures.
Induced surface reconstructions of alkali and alkaline earth metals have been observed on a range of different systems, such as thin films of Fe 3 O 4 grown on MgO͑001͒ substrates, 3, 4 thin films of Fe 3 O 4 grown on Pt͑111͒ substrates, 5 and TiO 2 single crystals. 6, 7 A p͑1 ϫ 4͒ reconstruction was observed by Anderson et al. 3 on a 1-m-thick film of magnetite grown on a MgO͑001͒ substrate. A similar effect was observed by Voogt, 8 who reported a p͑1 ϫ 3͒ reconstruction on magnetite films grown on MgO͑001͒. Anderson et al. attributed the surface reconstruction to the segregation of magnesium from the substrate, leading to the formation of a MgFe 2 O 4 phase. Gao et al. 9 in a study of magnetite thin films grown on MgO͑001͒, suggested that the Mg ions diffuse through the crystal lattice via vacancies in the octahedral cation sublattice. Once they reach the surface, they decorate the rows of octahedral B-site cations. Nören-berg et al. 7 have investigated the Ca-induced surface reconstruction on TiO 2 , observing both p͑1 ϫ 3͒ and p͑1 ϫ 4͒ phases. They attributed the p͑1 ϫ 3͒ reconstruction to Ca 2+ cations replacing the Ti cations at the surface of the crystal. The p͑1 ϫ 3͒ phase was replaced by a p͑1 ϫ 4͒ missing row structure due to oxygen loss from the surface.
Magnetite cations in the octahedral B sites (see Fig. 1 ). The separation between adjacent A-A or B-B planes is ϳ2.1 Å, while the separation between adjacent A and B planes is ϳ1.05 Å. The nearest-neighbor cations at B sites form rows running along the ͗110͘ directions. B planes separated by 2.1 Å or an odd multiple of this value contain rows that are oriented by 90°w ith respect to each other. At room temperature, magnetite is a moderately good conductor, with a conductivity of Ϸ 200 ⍀ −1 cm −1 . At around 125 K, stoichiometric magnetite undergoes a first-order phase transition, known as the Verwey transition, and its conductivity decreases by about two orders of magnitude. Magnetite is a highly interesting mate-rial for applications in spin electronics, thanks to its halfmetallic properties. 11 Recently, there has been a rapidly growing interest in heterojunctions using magnetite layers for emerging spin electronics technologies. However, the complexity of the surface is a serious impediment, as the surface morphology on the nanometer and atomic scale affects its electronic and magnetic properties. The matter is complicated by the rather large unit cell of Fe 3 O 4 and the fact that the spinel structure of magnetite lends itself to a large number of subtle variations. For example, FeO, Fe 3 O 4 , and ␥-Fe 2 O 3 can readily transform into each other under suitable anneal conditions. Although Fe 3 O 4 and ␥-Fe 2 O 3 have a similar crystallographic structure and are difficult to distinguish using x-ray diffraction (XRD), their electronic properties are completely different. Transformations between different iron oxides have been studied extensively in the bulk, but studies of such transformations at surfaces and interfaces are yet at an early stage. This study is a contribution into the mechanism of self-assembly as well as into the complex area of the structure of the magnetite surface on the nanometer and atomic scale.
II. EXPERIMENTAL

A. Ex situ characterization and preparation
A set of artificial and natural single crystals has been used in these experiments. The artificial crystals were grown employing the skull melting technique. 12 The natural crystals originated from Zillertal, Austria. The crystals were aligned with a precision of ±1°with respect to the (001) crystallographic plane and oriented along the [010] direction. The artificial crystals were characterized by powder XRD and resistance versus temperature measurements. The diffractograms showed good agreement with the reference spectra for magnetite, and a lattice constant of 8.40± 0.01 Å was measured. A four-point resistance versus temperature measurement was performed on an artificial crystal, giving a Verwey transition temperature of 108 K, indicating that the crystal was substoichiometric. 13 The electrical conductivity at room temperature was found to be Ϸ 116 ⍀ −1 cm −1 , comparable with the literature data. The natural crystals were part of the single crystalline nugget used by Tarrach et al. 14 A lattice constant of 8.41± 0.01 Å and a Verwey transition temperature of 98 K were measured for these crystals. Raman spectra of these crystals were consistent with magnetite reference spectra and indicated that the crystals did not contain other phases of iron oxides. Magnetization measurements using vibrating sample magnetometer resulted in the value of M S = 100.9 emu/ g, which again indicates that the crystals were of Fe 3 O 4 phase.
The crystals were mechanically polished using diamond paste with a grain size down to 0.25 m. After rinsing them in ethanol, the crystals were secured onto a Mo sample holder and inserted into the UHV system.
B. In situ characterization and preparation
The experiments were performed in a UHV system with a base pressure of ϳ5 ϫ 10 −11 mbar, equipped with a scanning tunneling microscope (STM), low-energy electron diffraction (LEED), and Auger electron spectroscopy (AES) setups. The preparation chamber was equipped with a resistive heater for annealing samples up to 1100 K, a cold-cathode ion gun for Ar + ion etching crystals and precision leak valves for the introduction of high purity oxygen, argon, and hydrogen gases. The crystals were annealed to a temperature of 990± 10 K, as measured by a K-type thermocouple attached to the heating stage.
AES measurements were carried out using a cylindrical mirror analyzer from Physical Electronics. Spectra between 0 and 750 eV were collected using a 3 keV beam energy. The typical target current values ranged between 2 and 4 A. The spectra were acquired in derivative mode using lock-in detection and a 12 kHz sinusoidal reference signal. All concentrations measured by AES are expressed in atomic percent.
LEED analysis was performed using a RVLO 900 fourgrid reverse-view optics (VG Microtech), operated at primary beam energies between 40 and 100 eV, with a typical emission current of 0.5 mA.
STM measurements were performed in constant-current mode. A bias voltage ranging from +0.6 to +1 V was applied to the sample, and the tunneling current was varied between 0.1 and 0.3 nA. A bias voltage of +1 V and a tunneling current of +0.1 nA were found to provide the most stable tunneling conditions. Scanning with a negative bias was attempted, but did not result in a stable tunneling current. Four different types of tips were used during these experiments: PtIr, W, Fe, and MnNi. PtIr tips were prepared by mechanical cutting and did not require any further treatment. W, Fe, and MnNi tips were electrochemically etched and then ionetched in vacuum with 1-kV Ar + ions to remove oxide layers prior to use. The procedure for the fabrication of MnNi tips was developed in our laboratory. 15, 16 
III. RESULTS AND DISCUSSION
A. " ͱ 2 Ã ͱ 2…R45°reconstruction A ͑ ͱ 2 ϫ ͱ 2͒R45°reconstruction has been observed by several groups on both natural and artificial single crystals, 17, 18 and on thin films grown by MBE. 2 or on the electron counting model. 22 We have recently described a preparation procedure, consisting of Ar + ion sputtering and a combination of annealing in oxygen atmosphere and UHV, which gives rise to a contaminant free surface. We have established that the Fe 3 O 4 ͑001͒ surface terminates at the B plane, exposing rows of Fe ions running along the [110] direction, and we have proposed an explanation of the reconstruction observed in terms of charge ordering at the B sites. 23 We have also established that the ͑ ͱ 2 ϫ ͱ 2͒R45°reconstruction is disrupted as contamination of the surface occurs.
B. p"1 Ã 3… reconstruction
A p͑1 ϫ 3͒ reconstruction has been occasionally observed after annealing the crystal in UHV at a temperature of 990± 10 K. STM images of an atomically resolved p͑1 ϫ 3͒ reconstruction are shown in Figs. 2(a) and 2(b). Atomic rows are visible along the [110] direction; the periodicity along these rows is ϳ6 Å, and adjacent rows are separated by ϳ18 Å. The rows are rotated by 90°on terraces separated by an odd multiple of 2.1 Å, which clearly indicates a B-plane-terminated surface. The 90°rotation of these domains gives rise to the LEED pattern shown in Fig. 3(a) , where the p͑1 ϫ 3͒ superlattice is clearly visible. We have attributed the p͑1 ϫ 3͒ reconstruction to the segregation of Ca and K ions, replacing Fe ions in octahedral coordination. A schematic of the reconstruction is shown in Fig. 4 .
AES data show the presence of K and Ca contaminants on the surface of the crystal [see Fig. 3(b) ]. A Ca peak at 292 eV and a K peak at 249 eV are visible, corresponding to ϳ5.7% and ϳ1.5% concentrations, respectively. A similar concentration of Ca and K was detected on a surface exhibiting a p͑1 ϫ 4͒ reconstruction (see Sec. III C). However, contrary to the p͑1 ϫ 4͒ reconstruction, no reduction of the surface was detected, and the O / Fe ratio was measured to be 1.3, in accordance with the value of a stoichiometric surface. Oxygen vacancies do not therefore play a role in the formation of the p͑1 ϫ 3͒ reconstruction, which is solely induced by the segregation of contaminants to the surface.
C. p"1 Ã 4… reconstruction
A p͑1 ϫ 4͒ reconstruction has been found to set after long annealing sessions. This was found to be a very stable condition, and once established, it persisted so that mechanical polishing of the crystal was required to remove this reconstruction. the surface corresponding to progressively longer annealing times is shown in Figs. 5(c) and 5(d). In Fig. 5(c) , the number of trenches on the terraces has increased. The separation between the trenches is not regular, but varies among 22, 35, and 50 Å. The trenches start at step-edges and propagate along the [110] or ͓110͔ direction. While most of the trenches run through the full length of the terrace, some terminate in the middle of the terrace, as indicated by the white arrows in Fig. 5(c) . A 90°rotation of the trenches is observed on subsequent terraces separated by 2.1 Å height difference. This is expected for a surface exhibiting a twofold symmetry, such as the octahedrally terminated surface of Fe 3 O 4 ͑001͒. Since a 90°rotation of the trenches has never been observed on the same terrace, we conclude that the surface is terminated at the B plane, and that the rows of octahedral irons dictate the propagation of the trenches along the [110] and ͓110͔ directions.
We have collected extensive experimental data to establish the nature of the reconstruction observed. 24 Successive annealing cycles have been carried out to investigate the dynamics of the formation of the trenches on the surface. STM, LEED, and AES results provide strong evidence that the p͑1 ϫ 4͒ reconstruction is a result of a major surface rearrangement at the nanometer scale.
Two concomitant factors, a reduction in the O / Fe ratio and the diffusion of Ca and K contaminants to the surface of the crystal, play a crucial role in the formation of the p͑1 ϫ 4͒ reconstruction. Both effects are caused by thermal annealing and lead to a greater density of trenches on the surface. This effect is illustrated in the histogram shown in Fig.   6 . Eventually the flat terraces transform completely into an array of trenches. An example of this surface is shown in Figs. 7(a) and 7(b) . The periodicity of the rows ranges between 24 and 26 Å. The corrugation across the rows is 1.4± 0.1 Å. This structure was observed on both natural and artificial crystals prepared in the same manner. bution of impurities across the sample surface.
The links among the annealing of the crystals, the segregation of contaminants to the surface, and the decrease of the O / Fe ratio are supported by AES data. An artificial Fe 3 O 4 crystal was annealed in UHV at a temperature of 990± 10 K. Four consecutive annealing cycles were analyzed. Atomic concentrations corresponding to the four cycles are shown in Table I .
After the first annealing cycle, the AES spectrum shown in Fig. 8(a) was acquired. The only impurities detected on the surface were a 1.9% concentration of potassium, detected at 249 eV, and a 5.4% concentration of calcium at 292 eV. Figure 9 (a) shows the LEED pattern recorded from this surface. The p͑1 ϫ 1͒ unit cell is indicated by the solid square labeled "A." The lattice constant was measured to be 6.0± 1.2 Å, in agreement with the expected value for the primitive unit cell of magnetite (i.e., the spacing along the [110] direction). The LEED pattern indicates the coexistence of domains of two reconstructions on the surface. Satellite spots are clearly visible along the ͓110͔ and ͓110͔ directions around the primary spots. Their separation is ϳ1 / 4 of that between the integral order spots, and corresponds to a p͑1 ϫ 4͒ reconstruction with domains oriented by 90°with respect to each other. The p͑1 ϫ 4͒ superlattice is marked by the solid rectangle labeled "B" in Fig. 9(a) , and a schematic is shown in Fig. 9(b) . In addition to the p͑1 ϫ 4͒ reconstruction, the presence of a ͑ ͱ 2 ϫ ͱ 2͒R45°reconstruction is indicated by faint fractional spots marked by the white arrows in Fig. 9(a) . We attribute this reconstruction-usually observed on a clean Fe 3 O 4 ͑001͒ surface 18, 23, 25 -to the crystal planes lying beneath the topmost layers contaminated with calcium Fig. 8(d) ]. The corresponding LEED pattern is shown in Fig. 9(c) . The pattern is similar to the one obtained after the first annealing cycle, with streaked fractional-order spots along the ͓110͔ and ͓110͔ directions. Figure 11 (a) shows a ͑700ϫ 750͒ Å 2 STM image of this surface. Two different types of terraces can be identified, both having the edges aligned along the ͓110͔ and ͓110͔ directions. Terraces labeled as "B 0 ," "B 1 ," and "B 2 " correspond to octahedral planes and are characterized by alternating bright and dark rows oriented along the [110] direction, while terraces labeled as "A 0 " and "A 1 " correspond to tetrahedral planes and are flat. This observation is in agreement with the fact that trenches are expected to form on octahedral terraces only, since tetrahedral planes do not contain oxygen atoms. The step height between terraces labeled as "B" and terraces labeled as "A" is ϳ1 Å, which is the value expected for the distance between two adjacent octahedral and tetrahedral atomic planes in bulk magnetite [see the line profile in Fig. 11(b) ]. The rows on terraces B 1 and B 2 are regularly spaced and their average periodicity was measured to be 26± 3.0 Å, while the corrugation perpendicular to the rows varies between 1 and 2 Å.
The crystal was further annealed in UHV at 990± 10 K. The Auger spectrum shows a further increase of the calcium concentration up to 7.8%; trace amounts of potassium are still detected and a small sulphur peak appears (see Table I ). A ͑2000ϫ 2000͒ Å 2 STM image is shown in Fig. 12(a) . The terrace edges have become rough and rows are no longer visible on the terraces. The step height between adjacent terraces is a multiple of ϳ2 Å. Further annealing in UHV produced a surface where the terrace definition is almost completely lost, as shown in Fig. 12(b) . The concentration of calcium increased further, reaching a value of 9.5 at. %. No traces of potassium or sulphur were detected [ Fig. 8(c)] . A p͑1 ϫ 1͒ LEED pattern was observed [see Fig. 9(d) ]. The streaked lines around the primary spots along the [110] and ͓110͔ directions are no longer visible, and the additional diffraction spots of the ͑ ͱ 2 ϫ ͱ 2͒R45°reconstruction are also lost.
Our data show that long annealing cycles in UHV caused the onset of a reconstruction characterized by the appearance of trenches aligned along the [110] direction. The separation between the trenches is highly irregular at first, giving rise to what can be called a p͑1 ϫ n͒ reconstruction. As the annealing time increases, the separation between the trenches becomes more regular, eventually giving rise to an almost regular p͑1 ϫ 4͒ reconstruction. Our data show that the driving forces causing such a reconstruction are to be identified with an increase in the contaminants' concentration at the surface and a decrease of the O / Fe ratio. The segregation mechanism for metallic systems can be explained in terms of the size accommodation model. 26 In this model, segregation is driven by the decrease in elastic strain energy as solute atoms-either too big or too small-diffuse from the bulk and occupy an interface site with less strain. Table II shows that the ionic radii of Ca and K ions are much larger than those of Fe ions. 27 It is therefore expected that Ca and K ions will segregate at the surface of the Fe 3 O 4 crystals.
The decrease of the O / Fe ratio suggests that, due to the long annealing in UHV, the surface of the crystal is reduced and oxygen vacancies are created at the surface. This interpretation is backed up by our experimental data. The O / Fe ratios corresponding to the AES spectra of Figs. 8(a)-8(c) , were measured to be 1.1, 0.9, and 0.8, respectively. The typical O / Fe ratio measured for a clean surface, exhibiting a ͑ ͱ 2 ϫ ͱ 2͒R45°reconstruction, is 1.3. By taking this into account, it is clear that a significant reduction of the surface is induced by long anneals. The decrease of the O / Fe ratio correlates well with the increasing anneal time and the consequent increase in the density of trenches on the surface.
To give rise to the structure observed by STM, the oxygen vacancies are arranged around the Ca and K ions, which relax back into the surface due to the broken bonds with the oxygen ions. A schematic of the p͑1 ϫ 4͒ reconstruction is shown in Fig. 13 . The removal of oxygen ions bound to Ca oct 2+ and K oct + ions accounts for the anisotropic direction of the trenches observed on the terraces. The model proposed by us is in agreement with the AES, STM, and LEED data we have collected. STM data provide evidence of a surface terminated at the octahedral plane and show a very good correlation between the appearance of trenches and the reduction in the O / Fe ratio at the surface. Furthermore, in the cases in which a tetrahedral termination was observed, no trenches running along the [110] direction were observed on the A planes. Since the tetrahedral planes do not contain oxygen atoms, this fact corroborates our explanation that one of the principal factors causing trenches to appear are oxygen vacancies. LEED data show that the oxygen vacancies are distributed in an ordered fashion that gives rise to the structure observed by STM and in agreement with the model shown in Fig. 13 .
To summarize, the dynamics of trench formation is due to the segregation of K and Ca to the surface and to a reduction of the O / Fe ratio at the surface. Continued annealing produces a Ca and K buildup on the surface to a point where the surface becomes saturated. To accommodate more impurities, the surface undergoes a gradual transformation, resulting in the formation of trenches. This type of termination provides a greater number of surface sites with respect to the flat surface. This mechanism is analogous to that behind the oxygen-induced missing row structure observed in the initial stages of oxidation of the W͑001͒ surface. 28, 29 The (001) bulk terminated surface of magnetite is polar and therefore is intrinsically unstable. In particular, the Fe 3 O 4 ͑001͒ surface terminated at the octahedral plane has a shortage of charge due to the oxygen dangling bonds that are left empty. The formation of nanotrenches contributes to the reduction of the surface energy in two distinct ways. Firstly, oxygen vacancies created at the surface significantly lower the surface polarity. Secondly, alkali and alkaline earth impurities cause a reduction of the strain energy due to their large ionic radius, leading to an equidistant separation between the nanotrenches.
IV. CONCLUSIONS
The aim of this study was to investigate the segregation of alkali and alkaline earth metal impurities and their influence on the morphology of the Fe 3 O 4 ͑001͒ surface. Segregation was induced by thermal annealing in UHV of artificial and natural single crystals of magnetite. We have found that the surface reconstructions of the Fe 3 O 4 ͑001͒ surface are governed on one hand by the concentration of alkali and alkaline earth metals, and on the other hand by the decrease in the O / Fe ratio. The main results can be summarized as follows:
(1) A p͑1 ϫ 3͒ reconstruction was observed after annealing in UHV. AES data show the presence of both K and Ca on the surface of the crystal, as well as an O / Fe ratio of 1.3, indicating that no reduction of the surface had taken place. Due to their large ionic radii, Ca and K ions segregate at the surface to occupy interface sites with less strain. STM images provide evidence of a surface terminated at the octahedral plane, with rows of atoms forming nanowires along the [110] and ͓110͔ directions. We have proposed a schematic model to explain the p͑1 ϫ 3͒ reconstruction, in which Ca and K ions occupy octahedrally coordinated sites.
(2) After longer annealing sessions the p͑1 ϫ 3͒ reconstruction was replaced by the p͑1 ϫ 4͒ reconstruction, and the surface was characterized by trenches oriented along the [110] and ͓110͔ directions. AES showed a significant decrease in the O / Fe ratio as function of the annealing time. The density of trenches was found to be directly proportional to the decreasing oxygen concentration at the surface, indicating that the O / Fe ratio plays a crucial role in the formation of such a reconstruction.
(3) A concentration of Ca and K similar to the p͑1 ϫ 3͒ reconstruction was measured. However, it must be noted that the p͑1 ϫ 4͒ reconstruction is driven by a decrease in the O / Fe ratio and also by the segregation of contaminants at the surface, while in the p͑1 ϫ 3͒ reconstruction, only the latter factor plays a role. (4) We therefore conclude that the surface reconstructions of Fe 3 O 4 ͑001͒ are governed by two concomitant factors, the segregation of alkali and alkaline earth metals on one hand, and the decrease of the O / Fe ratio on the other hand. As a consequence, two different reconstructions may correspond to similar concentrations of Ca and K, provided the O / Fe ratio is different.
Nanoscale materials exhibit interesting physical and chemical properties. Since iron oxides are widely used as recording materials and photocatalysts, nanostructured oxides are of great interest. Our experiments show that the morphology of the (001) surface of magnetite can be controlled by the diffusion of alkali and alkaline earth metals. As the concentration of impurities contained in single crystals is hard to control, the use of thin films grown on suitable substrates may be a better choice for the formation of tailored nanotemplates. One could envisage the use of these highly ordered structures as nanotemplates for the deposition of carbon nanotubes, fullerenes, and DNA molecules, whose sizes are compatible with the typical dimensions of our nanotemplates.
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